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SUMMARY 


In  order  to  predict  the  probable  degradation  of  spacecraft  solar  cells  and 
arrays  in  orbit  it  is  necessary  to  know  how  the  radiation  environment  and  other 
factors  may  affect  solar  cell  output  power.  It  is  convenient  for  this  purpose 
to  use  proton  damage  ratios  which  relate  the  damage  caused  by  protons  of 
different  energies  to  that  caused  by  1  MeV  electrons. 


To  this  end,  four  different  types  of  modern  silicon  solar  cell  have  been 
subjected  to  1  MeV  electrons  and  protons  in  the  energy  range  from  2-50  MeV, 
followed  at  each  irradiation  stage  by  an  exposure  to  photon  irradiation.  The 
cells  included  non-reflecting  and  violet  cells  of  normal  (200-250  urn)  thickness 
and  a  thin  (50  um)  cell.  Cell  performance  measurements  were  made  on  new  and 
irradiated  cells  at  room  and  at  elevated  temperatures  to  obtain  the  proton 
damage  ratios  and  to  ascertain  whether  these  were  temperature  dependent. 

It  was  found  that  the  proton  damage  ratio  of  one  type  of  cell  was  approxi¬ 
mately  one  half  of  that  of  the  other  three  types.  It  was  also  found  that  the 
proton  damage  ratio  for  this  type  of  cell  was  independent  of  temperature,  which 
was  not  the  case  with  the  other  types.  One  cause  of  these  differences  is 
attributed  to  photon  induced  changes  in  solar  cell  performance  following  electron 
and  proton  irradiation  for  the  particular  material  from  which  this  type  of  cell 
is  made. 


Report  of  tests  carried  out  for  the  European  Space  Research  and  Technology 
Centre ,  Noorduijkj  The  Netherlands ,  under  ESTEC  Contract  No .2301/NL/77HP. 
Responsibility  for  the  contents  resides  in  the  author  or  organisation  that 
prepared  it. 


Department  Reference:  Space  571 


Copyright 

© 

Controller  HUSO  London 
1079 


V 


LIST  Oi-  CONTENTS 


Page 


1  INTRODUCTION  3 

2  SOLAR  CELL  SAMPLES  4 

3  IRRADIATION  FACILITIES  5 

3.1  Electron  irradiation  5 

3.2  Proton  irradiation  5 

3.3  Photon  irradiation  6 

4  SOLAR  CELL  MEASUREMENT  FACILITIES  6 

4.1  Voltage-current  characteristics  6 

4.2  Spectral  response  7 

5  TEST  PROGRAMME  7 

5.1  Initial  measurements  7 

5.2  Electron  irradiations  7 

5.3  Proton  irradiations  8 

5.4  Measurements  following  corpuscular  radiation  8 

6  RESULTS  8 

6.1  V-I  characteristics  and  maximum  power  8 

6.2  Spectral  response  9 

6.3  Proton  damage  ratios  9 


DISCUSSION  OF  RESULTS 

7.1  The  effect  of  photon  irradiation 

Proton  damage  ratio  and  cell  types 

The  effect  of  temperature  on  the  proton  damage  ratio 


7.2 

7.3 

7.4 


10 

10 

10 

11 


The  percentage  degradation  on  which  the  proton  damage  ratios 
are  based 


8  CONCLUSIONS  AND  RECOMMENDATIONS 
Acknowledgments 
Tables  1  to  8 
References 
Illustrations 
Report  documentation  page 


Accession  For 


N1IS  G.-..I 

IDC  TAU 

Unona'  n.  ■  A 

Just  ii 

(Bv 

Dint.rib’.l  '  c :■/ 

_ /vail 

Di  3t 

Codes 

/>  .’ail  n'i  'l/or 
r  :  \  al 

i 

i 

i 

11 
11 
12 
13 
18 

Figures  1-52 
inside  back  cover 


vi» 

v*» 


k 


3 


1  INTRODUCTION 

In  orbit,  solar  cell  arrays  are  continuously  bombarded  by  corpuscular 
radiation,  composed  mostly  of  multi-energetic  protons  and  electrons.  Particles 
with  sufficient  energy  can  pass  through  the  cell  coverglass  and  penetrate  the 
cells.  As  a  result,  damage  complexes  are  created  in  the  cells  which  act  as 
recombination  centres  for  photogenerated  carriers.  The  output  from  the  solar 
cells  and  hence  from  the  array  will  therefore  decrease  during  the  orbital  life 
of  the  satellite.  However,  if  the  magnitude  and  rate  of  decrease  in  output  can 
be  predicted,  it  is  possible  to  allow  for  this  by  making  the  array  larger,  and 
thus  to  satisfy  the  end  of  life  power  requirement  of  the  spacecraft.  The  solar 
array  designer  has  no  control  over  such  degradation  factors  as  the  duration  of 
the  mission,  its  timing  with  respect  to  the  11  year  solar  cycle  and  the  altitude 
and  inclination  of  the  orbit.  Optimisation  of  the  design  parameters  of  the 
array  is  therefore  limited  to  the  selection  of  solar  cell  type,  and  coverslide 
thickness,  taking  account  of  the  mass  and  area  limitations  of  the  array. 

In  order  to  simplify  the  prediction  of  array  degradation,  the  damage  caused 
by  an  equivalent  fluence  of  1  MeV  electrons  is  used.  This  is  that  fluence  of 
1  MeV  electrons  which  would  cause  the  same  amount  of  damage  to  the  cells,  as  that 
caused  by  the  wide  range  of  protons  and  electrons  expected  to  be  encountered  by 
the  array  in  a  particular  orbit  for  a  given  length  of  time.  In  order  to  calcu¬ 
late  this  equivalent  fluence,  it  is  necessary  to  know  the  proton  damage  ratios, 
by  which  the  protons  of  different  energies  expected  in  a  particular  orbit  can  be 
'converted'  to  equivalent  1  MeV  electrons.  The  equivalent  1  MeV  electron  fluence 
may  then  be  computed  by  summation  of  the  products  of  the  number  of  protons  of  a 
particular  energy  per  unit  time  and  the  proton  damage  ratio  for  that  energy. 

As  for  most  orbits  the  proton  and  electron  energies  and  populations  are 
now  adequately  predictable,  it  is  necessary  to  obtain  a  knowledge  of  the  proton 
damage  ratios  for  modern  high  efficiency  solar  cells.  When  these  are  known,  the 
equivalent  1  MeV  electron  fluence  for  any  orbit  can  be  computed  as  described 
above  and  that  1  MeV  electron  fluence  applied  to  the  solar  cells  to  be  used  for 
the  mission.  By  measuring  the  performance  before  and  after  that  dose,  the  array 
degradation  may  therefore  by  predicted. 

Damage  ratios  for  protons  in  the  energy  range  from  2  to  155  MeV  were 
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established  for  cells  of  initial  efficiencies  of  9-10#  by  RAE  in  1972  .  Since 
then,  improvements  in  silicon  solar  cell  technology  have  raised  initial  efficien¬ 
cies  to  between  12  and  15#.  In  order  to  ascertain  whether  these  damage  ratios 
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were  valid  for  more  modern  types  of  solar  cell,  a  preliminary  study  was  made  in 
1976-77  in  which  seven  types  of  modern  silicon  solar  cell  were  subjected  to 
10  MeV  proton,  1  MeV  electron  and  photon  irradiation.  The  results  of  this  work 
indicated  the  need  for  further  measurements,  as  differences  in  proton  damage 
ratios  between  cell  types  were  found  at  the  single  proton  energy  employed.  These 
were  found  to  be  caused  partly  by  photon  induced  damage  of  electron  irradiated 
cells  of  a  particular  type,  similar  to  one  of  the  cells  studied  in  the  present 
work. 

The  cells  were  delivered  to  RAE  in  two  stages.  Types  B  and  D  (see  Table  l), 
which  were  tested  first,  were  of  general  interest  and  were  measured  at  three 
temperatures.  These  were  at  the  normal  test  temperature  of  25°C  and  at  15°C  and 
65°C,  temperatures  applicable  respectively  to  spinning  and  sun  orientated  arrays 
at  geosynchronous  altitude.  On  completion  of  this  part  of  the  programme, 

Types  A  and  C  were  delivered  and  tested.  Type  A,  with  Type  C,  as  a  back-up,  are 
intended  for  use  on  the  ESA/NASA  Space  Telescope  array,  and  as  such  had  specific 
test  requirements.  The  array  temperature  in  orbit  had  been  predicted  by  ESA  and 
consequently  cell  performance  measurements  were  required  to  be  made  at  different 
temperatures  ie  25°C,  55°C  or  70°C  and  90 °C.  Also,  as  the  Space  Telescope  will 
be  used  in  near  earth  orbit,  the  solar  cell  damage  due  to  protons  and  electrons 
is  expected  to  be  relatively  small.  Irradiations  were  therefore  commenced  at 
lower  thresholds  than  for  Types  B  and  D,  but  were  continued  beyond  the  fluence 
region  expected  for  the  Space  Telescope  mission,  so  that  comparison  with 
Types  B  and  D  could  be  made  at  the  higher  fluence  levels. 

2  SOLAR  CELL  SAMPLES 

The  four  types  of  cell  used  in  this  programme  were  two  violet  cells 
(Types  A  and  C),  a  'black'  or  non-reflecting  cell  (Type  B)  and  a  thin  cell 
(Type  D).  Full  details  of  the  cell  parameters  are  given  in  Table  1. 

All  cells  were  calibrated  on  receipt,  at  25°C,  and  divided  into  seven 
groups  (5  in  the  case  of  Type  D),  such  that  the  mean  maximum  power  of  each  group 
of  a  particular  cell  type  was  the  same.  For  example  the  mean  maximum  power  of 
each  of  the  Type  A  groups  was  145  mW,  while  that  of  each  of  the  Type  B  groups 
was  136  mW. 
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The  first  group  of  each  cell  Type  received  1  MeV  electron  irradiation 
followed  by  photon  irradiation,  while  the  other  six  groups  (4  in  the  case  of  D) 
received  proton  irradiation  followed  by  photon  irradiation.  Table  2  gives  the 


proton  energies  used  and  the  number  of  cells  per  group  of  each  cell  type, 
together  with  the  initial  mean  maximum  power  of  each  type. 

As  described  in  section  1,  the  work  was  carried  out  in  two  stages.  Types  B 
and  D  being  tested  first.  Only  a  few  samples  of  Type  D  were  available,  and  these 
were  used  to  fill  spare  stations  in  the  irradiation  sample  holder  (Fig  la). 

Hence  there  is  a  disparity  in  the  number  of  cells  per  group  for  Types  B  and  D. 
Also,  in  the  second  part  of  the  programme,  it  was  decided  that  as  Type  A  was  of 
major  interest  to  ESA,  this  type  of  cell  should  be  fully  tested  at  the  expense  of 
Type  C.  There  is  therefore,  a  similar  disparity  in  the  number  of  cells  per  group 
between  Types  A  and  C. 

As  the  cell  holders  for  both  irradiation  and  performance  measurement  were 
designed  to  accommodate  cells  of  normal  thickness,  it  was  decided,  because  of 
their  mechanical  fragility  to  restrict  the  testing  of  Type  D  cells  to  a  minimum. 
Hence  spectral  response  measurements  arid  performance  measurements  prior  to  photon 
irradiation  (sections  4.2  and  5*b)  were  not  made  on  this  type  of  cell.  For  the 
same  reason  the  measurement  temperature  was  limited  to  25°C  (section  5»l)« 

3  IRRADIATION  FACILITIES 

3.1  Electron  irradiation 

For  the  1  MeV  electron  irradiations,  the  van  de  Graaff  accelerator  at  the 
Central  Research  Division  of  British  Insulated  Callenders  Cables,  London  was 
used.  This  facility  has  been  used  for  many  years  by  RAE  and  ESA  for  electron 
irradiation  testing,  and  is  fully  equipped  for  dosimetry  measurement.  The  cells 
are  mounted  horizontally  in  a  water  cooled,  16  cm  diameter  aluminium  block, 
enclosed  in  a  vacuum  chamber  under  a  125  Mm  aluminium  diaphragm.  During  irradia¬ 
tion  the  vacuum  was  better  than  10”^  torr  and  the  beam  was  continuously  monitored 
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by  means  of  a  graphite  Faraday  cup  of  1  cm  aperture  located  at  the  centre  of  the 
target  block.  The  output  from  the  Faraday  cup  was  fed  to  a  chart  recorder  via  a 
vibrating  reed  electrometer.  The  electron  beam  from  the  accelerator  tube  in  the 
generator  was  scanned  electromagnetically,  and  this,  combined  with  air  scatter  of 
the  emergent  beam  gave  a  uniformity  better  than  -'#>  over  the  target  area. 

3.2  Proton  irradiation 

The  2,  4,  6  and  10  MeV  proton  irradiations  were  conducted  on  the  Tandem 
van  de  Graaff  accelerator  at  the  Atomic  Energy  Research  Establishment,  Harwell. 
The  proton  exit  window,  5  cm  in  diameter,  limited  the  number  of  cells  which  could 
be  irradiated  at  any  one  time  to  one  2  x  4  cm  cell.  Consequently  a  specially 
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designed  holder  (Fig  la),  integral  wi*h  the  flight  tube,  with  23  stations  on  its 
periphery  to  carry  the  cells  was  used.  A  24th  position  carried  a  circular  target 
divided  into  four  insulated  quadrants  for  beam  intensity  and  uniformity  measure¬ 
ment,  by  Faraday  cup  techniques.  The  wheel  was  indexed  to  the  desired  station 
by  a  remotely  controlled  electric  actuator,  and  the  cells  were  then  accurately 
set  in  the  5  cm  beam  by  lining  up  a  mark  on  the  wheel  with  a  fixed  pointer,  using 
closed  circuit  TV.  Beam  uniformity  was  better  than  ±5$  over  the  target  area,  and 
energy  resolution  was  within  ±0.2$. 

The  Variable  Energy  Cyclotron  was  used  for  19  and  50  MeV  proton  irradia¬ 
tions.  The  same  cell  holder  was  used  as  with  the  Tandem  van  de  Graaff  accelerator, 
but  in  this  case  a  cell  which  was  to  receive  50  MeV  protons  was  superimposed  on 
one  to  receive  19  MeV  protons,  with  an  absorber  between  them  to  give  the  required 
energy  attenuation.  Energy  resolution  was  at  worst  0.5%. 

3.3  Photon  irradiation 

Photon  stabilisation  following  either  electron  or  proton  irradiation  was 
conducted  using  a  Xenon  arc  solar  simulator.  The  cells  were  mounted  in  the 
vertical  beam  on  a  constant  temperature  block  which  was  maintained  at  55°C.  The 
lamp  current  and  distance  were  adjusted  to  give  an  intensity  of  one  solar  constant 
(-5%)  at  the  target  area.  Uniformity  and  intensity  were  determined  in  preliminary 
runs  using  a  standard  2  x  2  cm  cell  to  scan  the  target  area.  The  intensity  was 
continuously  monitored  during  the  period  of  cell  irradiation. 

4  SOLAR  CELL  MEASUREMENT  FACILITIES 

4.1  Voltage- current  characteristics 

All  voltage-current  characteristic  (VI)  measurements  were  made  at  RAE  using 
the  Large  Area  Pulsed  Solar  Simulator  (LAPSS).  This  equipment,  installed  in  a 
special  building  at  RAE,  comprises  two  Xenon  flash  tubes  side  by  side  which  are 
simultaneously  pulsed  by  a  capacitive-inductive  network  to  produce  an  intense 
flash  of  light  lasting  about  2  ms.  During  the  period  of  the  flat  topped  pulse, 
the  load  on  the  cell  under  test  (13  m  from  the  flash  tubes)  is  swept  from  short 
circuit  to  open  circuit  condition  and  40  near  simultaneous  voltage  and  current 
readings  are  taken  at  fixed  time  intervals.  Associated  with  each  pair  of  readings 
is  a  measurement  of  the  short  circuit  current  of  a  primary  standard  cell  located 
in  the  target  plane.  The  raw  data  are  digitised  and  stored  in  a  computer,  auto¬ 
matically  corrected  to  Air  Mass  Zero  intensity  by  reference  to  the  ’standard' 
cell  of  known  short  circuit  current,  and  subsequently  displayed  on  an  X-Y  plotter 
which  produces  a  continuous  trace  of  the  40  data  points. 
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Fig  1b  is  a  measurement  of  the  spectral  energy  distribution  of  light  at  the 

target  plane  measured  in  August  1977,  compared  to  AMO  sunlight.  With  this 

spectral  match  it  has  been  computed  that  if  a  cell  irradiated  to 
15  -2 

3  x  10  electron  cm  at  1  MeV  were  measured  against  an  unirradiated  standard 

the  error  would  be  less  than  1 %  low.  In  order  to  ensure  uniformity  of  standard 

cells,  it  was  decided  to  use  one  set  only  which  had  been  irradiated  to  a  1  MeV 

14  -2 

electron  fluence  of  1  x  10  electron  cm  ,  for  all  measurements  throughout  the 
programme.  Consequently  the  beginning  of  life  performance  figures  are  slightly 
high  while  those  of  the  most  heavily  irradiated  are  slightly  low.  The  standards 
used  had  been  generated  the  previous  summer  at  the  RAE  calibration  test  site  in 
Malta,  and  the  data  corrected  to  AMO  conditions. 

4.2  Spectral  response 

The  spectral  response  of  one  cell  from  each  of  Types  A,  B  and  C  was  found 
by  means  of  a  Hilger-Watts  D285,  fused  silica  prism  monochrometer.  The  mono¬ 
chrometer  is  fed  by  a  1  kW  tungsten-halogen  lamp  supplied  from  a  stabilised  dc 
power  pack.  The  detector  used  was  a  Comsat  non-reflecting  cell  with  response 
ranging  from  0.32  to  1.2  /urn.  The  relative  spectral  response  of  this  cell  has 
been  determined  by  the  National  Physical  Laboratory,  Teddington.  By  comparing 
the  current  generated  in  turn  by  the  Comsat  standard  cell  and  the  cell  under  test 
and  dividing, the  relative  spectral  response  of  the  irradiated  cells  was  found. 

5  TEST  PROGRAMME 

5.1  Initial  measurements 

The  voltage-current  characteristics  of  all  84  cells  were  measured  initially 
at  25°C  and  the  cells  divided  into  groups  as  indicated  in  Table  2.  Types  A  and  C 
were  remeasured  at  temperatures  of  25°C,  55°C  or  70°C  and  90°C,  while  Type  B  was 
measured  at  15°C,  25°C  and  65°C.  In  order  to  minimise  handling  of  the  50  m“> 
cells  it  was  decided  to  measure  Type  D  at  25°C  only.  The  relative  spectral 
response  of  one  cell  from  each  group  of  Types  A,  B  and  C  was  also  measured  at 
25°C. 

5.2  Electron  irradiations 

Sequential  electron  irradiations  at  1  MeV  of  'electron  groups'  of  each  cell 

type  were  performed  at  BICC  using  facilities  described  in  section  3.1.  Cumulative 

15  -2 

fluences  received  by  the  cells  from  zero  to  3  x  10  electron  cm  are  given  in 
Table  3- 
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5.3  Proton  irradiations 

Sequential  proton  irradiations  at  2,  4,  6  and  10  MeV  were  performed,  at 

AEHE  using  facilities  described  in  section  3.2.  Cumulative  fluences  received  by 

12 

the  cells  from  zero  to  1.1  x  10  protons  are  given  in  Table  4. 

The  19  and  50  MeV  proton  groups  received  three  fluences  only,  which  are 
given  in  Table  5* 

5.4  Measurements  following  corpuscular  radiation 

After  either  proton  or  electron  irradiation,  the  cells  were  returned  to  the 
RAE,  where  two  cells  from  each  group  (except  Type  D)  were  measured  at  25°C  using 
the  LAPSS.  All  cells  were  then  placed  under  illumination  from  the  Xenon  lamp  and 
subjected  to  photon  irradiation  at  one  solar  constant  (AMO)  for  6  hours.  The 
irradiation  was  then  stopped  and  the  same  two  cells  from  each  group  were  removed 
and  remeasured.  The  cells  were  replaced,  and  the  photon  irradiation  continued 
for  a  further  18  hours,  after  which  the  same  cells  were  measured  again. 

By  comparison  of  the  cell  performance  after  proton  or  electron  irradiation 
only,  with  that  after  the  additional  6  and  24  hours  of  photon  irradiation, it  was 
possible  to  decide  whether  changes  induced  by  photon  exposure  was  complete.  Only 
after  the  largest  fluence  of  both  proton  and  electrons  was  it  found  necessary  to 
give  the  cells  further  photon  exposure  (20  hours)  to  ensure  stability.  Once  this 
was  achieved  all  cells  were  measured  at  25°C.  Also  at  this  stage  the  relative 
spectral  response  of  one  cell  from  each  of  groups  A,  B  and  C  was  measured  as 
described  in  section  4.2. 

After  this  time  and  just  prior  to  the  next  fluence  dose,  all  cells  were 
remeasured  at  25°C  and  at  the  temperatures  given  in  section  5»1» 

6  RESULTS 

6.1  V-I  characteristics  and  maximum  power 

Fig  2  shows  the  mean  voltage-current  characteristics  of  Type  A  cells, 
initially,  and  after  various  fluences  of  1  MeV  electrons.  In  this  case  the  cell 
temperature  when  measured  was  25°C.  From  this  and  similar  characteristics 
obtained  for  the  other  cell  measurement  temperatures,  and  for  proton  irradiation 
in  the  energy  range  2-50  MeV,  Figs  3  to  16  were  constructed.  Figs  3  and  4  show 
cell  maximum  power  versus  1  MeV  electron  fluence  at  the  temperatures  used  for 
groups  A  and  B  respectively.  Fig  5  gives  the  same  parameters  for  Type  C,  and 
Type  D  at  25°C  only.  In  Figs  6  to  9  cell  maximum  power  versus  proton  fluence  is 
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illustrated  for  the  six  energy  levels  at  the  four  temperatures  used  for  Type  A 
cells,  and  Figs  10  to  12  show  similar  curves  for  Type  B  cells  for  the  three 
temperatures  used.  In  Fig  13  maximum  power  degradation  at  25°C  versus  proton 
fluence  for  Types  C  and  D  is  given  and  Figs  14  to  16  show  that  of  Type  C  at  the 
higher  temperatures. 

6.2  Spectral  response 

The  effect  of  1  MeV  electron  and  2  and  50  MeV  proton  irradiation  on  the 
cell  absolute  spectral  response  is  illustrated  in  Figs  17  to  19.  All  of  these 
measurements  were  made  after  photon  stabilisation  as  described  in  section  4.2. 
Cell  Types  A  and  B  are  shown,  Type  C  behaved  in  a  similar  way  to  Type  B. 

6.3  Proton  damage  ratios 

Proton  damage  ratios  (pdrs)  are  defined  as: 

The  number  of  1  MeV  electrons  required  to  reduce  the  cell  maximum  power 
measured  at  temperature  T  ,  by  x  per  cent;  divided  by  the  number  of  protons 
of  energy  E  required  to  reduce  the  cell  maximum  power  measured  at  the  same 
temperature  by  the  same  percentage. 

Proton  damage  ratios  were  obtained  from  large  scale  plots  of  Figs  3  to  16 
for  maximum  power  degradations  of  5,  10,  15  and  20%  and  are  given  in  Figs  20 
to  49.  At  the  top  of  each  figure  is  shown 

(a)  the  cell  type  -  violet  or  black 

(b)  the  base  resistivity  of  the  cell  -  1  or  1 0ft  cm 

(c)  the  temperature  at  which  the  irradiated  cells  were  measured,  T°C  and 

(d)  the  percentage  degradation  of  maximum  power  for  which  the  proton 

damage  ratios  were  calculated  -  5,  10,  15  or  20%. 

In  addition  to  the  pdr  for  uncovered  cells,  derived  as  described  above, 
pdrs  for  cells  covered  with  three  typical  thicknesses  of  coverslide  are  shown. 
These  were  calculated  from  the  uncovered  cell  pdr  and  the  known  stopping  power 
of  ceria  doped  microsheet  (CMS)  material. 

For  Type  D  cells,  where  only  the  whole  of  the  2  and  10  MeV  groups  survived 
intact,  pdrs  are  shown  in  tabular  form  in  Table  6. 
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7  DISCUSSION  OF  RESULTS 

7.1  The  effect  of  photon  irradiation 

For  Type  A  cells,  it  was  found  that  photon  exposure  following  1  MeV  electron 

irradiation  produced  a  significant  further  degradation,  amounting  to  some  4-6% 

13  -2 

for  electron  fluences  in  excess  of  5  x  10  ^  electron  cm  (Table  7).  In  contrast 
to  this,  cell  Types  B  and  C  showed  annealing  of  the  electron  radiation  damage 
of  between  1  and  4%  over  the  same  1  MeV  fluence  range.  Hence  the  difference 
between  Type  A  cells  and  those  of  Types  B  and  C  due  to  photon  irradiation  amounted 
to  between  5  and  10%  depending  on  the  total  electron  fluence.  Moreover  as 
Types  B  and  C  were  made  from  ICQ  cm  CZ  silicon,  the  rate  of  degradation  due  to 
electron  irradiation  only,  was,  as  expected  less  than  that  of  the  IQ  cm  FZ, 

Type  A,  although  these  results  are  somewhat  obscured  as  the  cells  were  subjected 
to  photon  exposure  at  each  electron  fluence  stage.  Hence  after  the  final  fluence, 
including  photon  exposure,  Type  A  cells  had  fallen  from  an  initial  maximum  power 
of  145  mW  to  79  mW  (45%  fall).  Type  B  on  the  other  hand  fell  from  136  mW 
initially  to  102  mW  (25%  fall),  and  Type  C  from  133  mW  to  93  mW  (30%  fall). 

Type  D,  being  a  thin  cell  fell  less,  from  60.2  mW  initially  to  48.5  mW  (19%  fall). 

The  effect  of  photon  exposure  on  proton  irradiated  cells  is  illustrated  in 
Table  8.  It  will  be  seen  that  in  general  there  was  little  change  in  cell  perform¬ 
ance  for  Type  A  cells,  whereas  Types  B  and  C  exhibited  some  2-3%  annealing.  The 
small  changes  in  cell  performance,  in  general  showed  some  correlation  with  proton 
energy  (Table  8).  Those  cells  exposed  to  lower  energy  protons  -  hence  damaged 
more  -  showed  a  tendency  to  degrade  (Type  A)  or  anneal  (Types  B  and  C)  slightly 

more  than  those  groups  exposed  to  the  higher  energy  protons.  Although  Table  8 

11  -2 

illustrates  the  behaviour  only  after  a  cumulative  fluence  of  10  p  cm  ,  it  is 
typical  of  the  results  obtained  for  all  other  fluences. 

7.2  Proton  damage  ratio  and  cell  types 

The  behaviour  of  Type  A  cell,  as  illustrated  in  Table  7,  clearly  has  a 
significant  effect  on  the  proton  damage  ratios  in  comparison  with  those  of 
Types  B  and  C.  This  is  illustrated  in  Fig  50,  which  shows  the  pdr  of  Types  A,  B 
and  C  for  uncovered  cells  at  25°G,  based  on  cell  maximum  power  degradation  of 
20%. 

2 

In  the  previous  study  ,  which  was  limited  to  10  MeV  proton  and  1  MeV 
electron  irradiation  plus  photon  exposure,  the  pdrs  of  similar  cells  to  the 
present  Types  A  and  B  were  1,3  x  lO’5  and  2.0  x  10^  respectively  which  are  in  good 
agreement  with  the  results  reported  here. 
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The  cell  similar  to  Type  A  (112  cm,  low  dislocation  FZ  silicon)  in  fact  had 

a  textured  front  surface  and  was  thinner  (POO  Evidently  neither  of  these 

parameters  has  a  significant  effect  on  the  pdr.  The  pdrs  established  in  1971 

1 

for  Intelsat  IV  cells  appear  to  be  more  energy  dependent  than  those  obtained  in 
this  study,  although  at  10  MeV  the  pdr  is  almost  identical  (2.2  x  10^)  to  that  of 
Types  B  and  C.  Intelsat  IV,  and  Types  B  and  G  were  all  made  from  1012  cm  CZ  sili¬ 
con.  Different  manufacturing  techniques,  improved  collection  efficiency,  a 
shallower  junction  and  hence  superior  blue  spectral  response  of  the  more  modern 
cells  could  be  responsible  for  this  energy  dependence  difference. 

7.3  The  effect  of  temperature  on  the  proton  damage  ratio 

Fig  51  shows  the  effect  of  cell  temperature  on  the  pdrs.  It  can  be  seen 
that  Type  A  again  behaves  differently  compared  with  Types  B  and  C.  The  latter 
show  significant  increases  in  pdr  as  the  cell  temperature  is  raised  which  is  in 
agreement  with  previous  work^.  Type  A  on  the  other  hand  shows  no  significant 
increase  in  pdr  as  the  temperature  is  raised  from  25  to  70°C,  or  indeed  90°C 
(Fig  51). 

7.h  The  percentage  degradation  on  which  the  proton  damage  ratios  are  based 

Another  item  of  interest  is  to  determine  whether  pdrs  showed  a  significant 
difference  if  they  were  based  on  different  percentage  degradations  of  maximum 
power.  It  can  be  seen  (Fig  52)  that  there  are  insignificant  differences  in  pdr 
for  maximum  power  degradations  of  15  and  20$.  The  pdr  based  on  10$  degradation 
is  in  general  between  the  15-20$  cures  and  that  based  on  5$  degradation  as  would 
be  expected.  The  reason  for  the  differences  is  due  to  the  shape  and  position  of 
the  'knee'  of  the  maximum  power  versus  fluence  curves  (Figs  3  to  16),  that  is, 
the  start  of  a  true  logarithmic  decrement. 

8  CONCLUSIONS  AND  RECOMMENDATIONS 

Proton  damage  ratios  in  the  energy  range  2-50  MeV  have  been  established  for 
a  number  of  types  of  solar  cell.  The  effect  of  cell  temperature  and  coverglass 
thickness  on  the  proton  damage  ratios  have  been  investigated.  From  the  present 
work  it  is  concluded  that: 

(1)  The  'traditional'  value  of  3000,  1  MeV  electrons  per  10  MeV  proton  is 
somewhat  high  for  present  day  solar  cells  (cf  2300). 

(2)  Proton  damage  ratio  of  10ft  cm  CZ  (B  and  C)  solar  cells  are  greater  than 
1ft  cm  FZ  (A)  cells  by  a  factor  of  1.8  to  2.0  at  25°C  depending  on  the  proton 


energy 


(3)  Proton  damage  ratios  of  10ft  cm  CZ  cell increase  by  a  factor  of  approxim¬ 
ately  1.3  for  a  temperature  rise  of  4o°C,  wnereas  there  is  no  corresponding 
increase  for  1ft  cm  FZ  cells.  Hence  at  65°C  proton  damage  ratios  for  10ft  cm  CZ 
cells  are  higher  than  those  of  1ft  cm  FZ  cells  by  a  factor  of  approximately  2. 5* 

(4)  Proton  damage  ratios  for  slightly  damaged  cells  (~5$  degradation  of  maximum 
power)  are  slightly  higher  than  for  moderately  damaged  cells  (>10#  degradation  of 
maximum  power). 

(5)  Photon  exposure  following  electron  irradiation  causes  further  permanent 
degradation  of  1ft  cm  FZ  cells  whereas  10ft  cm  CZ  cells  are  annealed. 

(6)  Photon  exposure  following  proton  irradiation  has  little  effect  on  1ft  cm  FZ 
cells  whereas  10ft  cm  CZ  cells  are  again  annealed. 

(7)  Proton  damage  ratios  of  thin  (50  ^m)  cells  (Table  6)  are  approximately  the 
same  as  those  of  greater  thickness. 

Electron  damage  ratios  have  not  been  measured  in  this  or  the  previous  work. 
In  view  of  the  anomalous  behaviour  of  1ft  cm  FZ  cells  after  electron  irradiation 
and  photon  exposure,  it  would  be  desirable  to  conduct  electron  irradiations  at 
other  energies.  In  addition  to  providing  electron  damage  ratios  for  present  day 
cells  it  could  be  of  benefit  to  those  workers  studying  the  photon  induced 
phenomena  from  the  theoretical  viewpoint. 

In  the  future,  most  arrays  for  all  but  small  spacecraft  will  probably  be 
constructed  from  cells  mounted  on  thin  plastic  sheets  which  are  deployed  from 
the  spacecraft  by  unrolling  or  unfolding.  This  type  of  array  does  not  have  the 
benefit  of  the  shielding  afforded  by  the  spacecraft  body  of  a  'drum'  spacecraft, 
or  the  relatively  dense  aluminium  honeycomb  panels  of  rigid  deployed  arrays. 
Protons  and  electrons  can  therefore  enter  the  cells  from  the  rear  as  well  as 
through  the  front  coverglass. 

In  order  to  improve  the  accuracy  of  computed  equivalent  1  MeV  electron 
fluences  and  hence  a  better  estimate  of  array  lifetime,  it  is  recommended  that 
further  work  should  be  carried  out  in  both  of  these  areas. 
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Table  1 


CELL  CHARACTERISTICS 


Type 

A 

(violet) 

B 

(black) 

C 

(violet) 

D 

Manufacturer 

AEG 

AEG 

AEG 

SOLAREX 

Size  (cm) 

4.035  x  2.095 

4x2 

4.035  x  2.095 

2x2 

Thickness  (/um) 

250 

200 

250 

50 

Surface  finish* 

Spec 

Text 

Spec 

Spec 

Base  resistivity  (ohm-cm) 

1 

10 

10 

2 

Back  surface  field 

No 

No 

No 

Yes 

Crystal** 

FZ 

CZ 

CZ 

CZ 

Initial  efficiency  (%) 

12.6 

12.5 

11.5 

11.0 

NOTE  :  *Spec  =  Specular 

Text  =  Textured  or  non-reflecting 


*FZ 

CZ 


Float  zone  refined 
Czochralski  grown 


ELECTRON  FLUENCE 


_2 

Electron  fluence  cm 


0,  1E13,  5E13,  2E14,  1E15,  3E15 
0,  3E13,  1E14,  3E14,  1E15,  3EI5 
0,  1E13,  5E13,  2E14,  1E15,  3E15 
0,  3EI3,  1El4,  3E14,  1E15,  3E15 


15 

ote  :  3E15  means  3  x  10  etc 


Table  4 

PROTON  FLUENCES  (2  to  10  MeV) 


Type 

_2 

Proton  fluence  cm 

A 

0,  1E9,  1E10,  3E10,  1E1 1 ,  1E12 

B 

0,  1E10,  3E10,  1.1E11,  3.1E11,  1.11E12 

G 

0,  1E9,  1E10,  3E10,  1E11,  1E12 

D 

0,  1E10,  3E10,  1.1E11,  3.1E11,  1.11E12 

PROTON  FLUENCES  (19  and  50  MeV) 


Type 

_2 

Proton  fluence  cm 

A 

0,  2E10,  1E1 1 ,  1.1E12 

B 

0,  1E11,  5E11,  1.5E12 

C 

0,  2E10,  1E11,  1.1E12 

Table  6 


PDR  OF  TYPE  D  CELLS 


Proton  energy 

PDR  at  25°C 

(MeV) 

(mean  of  10,  15  and  20 %  p  max  degradation) 

2 

6.5  E3 

10 

2.0  E3 

18 
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